It is widely proved that the N loss of sloping farmland via overland flow is correlated with rainfall intensity (RI), slope gradient (SG), soil property, and fertilizer application [5, [7] [8] [9] [10] . However, most of these studies only analyzed the total N loads but not the N dynamics through time. Armstrong et al. [5] reported that total nitrogen (TN) transfer was variable between repeats, and discharge, time of outflow, sediment concentration, slope gradient and sediment size were all dominant influential factors over nutrient transfer by means of simulated laboratory experiments. Yuan et al. [11] pointed out that NO 3 -N (up to 83.1% in various nitrogen species) accounted for the largest percentage of TN. Wang et al. [12] showed that the nitrate nitrogen (NO 3 -N) transfer highly decreased at the early stage of overland flow.
Chemical transfer in runoff with the effects of factors mentioned above has been described by models from empirical formula based on monitored field data to physically and chemically based descriptions [13] , and these mathematical models are applied to address a wide range of environmental and water resources problems. The processes for chemical transport towards runoff are complex, especially for field nutrient loss to water bodies. In the early developed models with an assumption of an effective depth of interaction (EDI), within which the mixing of soil, rainfall and runoff was uniform and equal to that at the soil surface [14] . Steenhuis and Walter [15] assumed that rainwater mixed completely within a thin zone of surface soil and water. Ahuja et al. [16] conducted experiments by placing 32 P as a tracer on the soil surface and at 5-mm intervals in soil boxes. They reported that the rainfallrunoff-soil interaction was greatest on the surface and declined rapidly with soil depth under free infiltration and saturated soil water conditions. Additionally, the EDI increased along with time in the early stage of rainstorms in their study. A non-adsorbed soluble chemical, Br, was later released from soil box to runoff to examine the concept of EDI, and most of Br was lost during the first 5 min by means of infiltration and runoff [17] . Ahuja and Lehman [18] measured the effects of variable infiltration rates on the Br transfer to runoff. A nonuniform mixing model considering the effects of infiltration on chemical transfer before and after runoff initiation [18] was proposed by Ahuja [19] . The model using a time-averaged EDI showed practical predictions for Br transfer in soil boxes to runoff despite the assumed EDI increase with time. Yang et al. [20] described a function between mixing depth and time based on the Kostiakov infiltration equation subjected to water scouring. Yang et al. [3] described a refined incomplete-mixing model for potassium transport to runoff proposed by Wang and Wang [1] by introducing Philip's [21] infiltration formula under unsaturated conditions. The significantly positive relationships between the parameters of the model and SGs and RIs were established. Several studies also reported that the EDI increased with increasing SG [22, 23] .
Experimental chemical transfer to runoff simulated by these models typically declined exponentially with time during the initial stage of overland flow initiation [2, 24, 25] , and model performance showed a good agreement with the observed data [26] . Wang et al. [12] found that model performance of soluble phosphorus transfer under water scouring was better than NO 3 -N. Still, there have been remarkably few studies on modeling of nitrogen as a primary kind of nutrient for arable lands transfer to runoff under rainfall.
Both N dynamics from experiment and mathematical modeling must be available to have a better understanding of dissolved N transfer of sloping farmland to runoff. In the current study, we conducted simulation experiments with various RIs and SGs to investigate dissolved ammonia nitrogen (NH 4 -N), nitrate nitrogen (NO 3 -N) and total nitrogen (TN) transfer to runoff. We also applied the effective mixing model [19] to our experimental results and refined the model by replacing the time-averaged effective mixing depth with a time-dependent one. The accuracy of predictions of these models were assessed using N concentration data from the laboratory experiments.
Material and Methods

Experimental design and Set-Up
We focused on the transfer of dissolved nitrogen to runoff when an excess of infiltration was the main contributor to the overland flow during rainfall from the purple sloping farmland in China.
The predominant laboratory experimental device ( Fig. 1) was soil tanks and a rain simulator equipped with nozzles, water pump, and computer terminal. The soil tanks were utilized with the following dimensions: 2 m in length × 0.5 m in width × 0.5 m in height. The bottom of the soil tank was paved with a 10-cm cement layer to imitate the bedrock under the purple soils. An amino-plastic web was encased to the walls of the tank in order to prevent boundary effects. The slopes of the soil tanks could vary from 0° to 30° via hydraulic pressure slope adjustment. A V-angled groove was set at the end of the soil tank to collect runoff flow. Rainwater in the reservoir could be transported by water pump and then to fall through 9-m height nozzles from the soil surface with 85% degree of homogeneity of rainfall. The RIs were controlled by the computer terminal.
The soil used in our laboratory experiments were collected from the top 40 cm soil layer of sloping farmland at the small Wangjiaqiao watershed (110°42'E, 31°5'N) in Zigui County, Yichang City, Hubei Province, China. Rainfalls happened intensively from June to September as a result of the regional sub-tropical monsoon climate. The general slope gradients of the local area are from 5° to 20°. Hence, twelve scenarios were designed, and all scenarios were performed in duplicate. Additionally, fresh soils were used for each scenario. Three RIs (0.4±0.02 mm min -1 , 1.0±0.04 mm min -1 and 1.8±0.11 mm min -1 ) and four SGs (5°, 10°, 15° and 20°), according to local rainfall and geomorphological features, were designed respectively to study the effects of rainfall intensity and slope gradient on our model and N transfer to runoff. Each RI was calibrated by tests before rainfall simulations.
Selected physical and chemical properties of the experimental soil are listed in Table 1 . This purple soil is classified as loam and entisol according to USDA taxonomy. The soil samples were air-dried and then passed through a 10-mm sieve to remove coarse rock and debris. Then the soils were backfilled into the soil tank in 5-cm (67.5 kg) increments and compacted to achieve a dry bulk density of 1.35 g cm -3 . In total, 8 soil layers were backfilled in the tanks. 15 g urea was dissolved in 40 L water and sprayed evenly at the soil surface and the soils in the tank were moisturized to achieve certain initial water content (about 0.25 cm 3 cm -3 ) one day before rainfall. Each simulated rainfall duration was 60 min. During the experiments, the overland flow was collected in 500-mL beaker in 1~2 min intervals at early stage of the outflow for 10 min and 4~5 min intervals when flow was stable for the last 50 min. The collected water samples were left to stand and supernatant liquid was saved into clean polyethylene bottles at 4ºC in a refrigerator. The concentrations of NH 4 -N, NO 3 -N and TN were determined via SmartChem discrete Auto Analyzer (SmartChem 200, Alliance, France) within 48 hours.
Theory and model
To assist in the interpretation of N loss to runoff from sloping farmland, we analyzed the experimental data using the model developed by Ahuja [19] . This effective-mixing model is based on the assumption that rainfall and runoff water mixed completely with soil solution within a certain fixed effective soil depth. This thin zone at soil surface undergoes desorption and mixing related to the chemical transportation toward overland flow, and the mass conservation equation is:
…where h m is the effective mixing depth (cm), C is the chemical concentration in overland flow (mg L -1 ), θ s is the saturated water content (cm 3 cm -3 ), ρ s is the soil density (g cm -3 ), k is the soil adsorption rate (cm 3 g -1 ), R is the rainfall intensity (cm min -1 ), and t is the runoff time (min). The adsorption-desorption process can be represented by a proportional relationship using linear adsorption isotherm [1] :
…where C s is chemical concentration in the adsorbed phase on soil particles (g g-1), k l is the isothermal adsorption coefficient (cm 3 g -1 ), and C 0 is the concentration in soil solution (g mL -1 ). Combined with application of Philip's infiltration equation [21] to the infiltration and runoff process to refined model expressed by Yang et al. [3] , this model can be outlined as follows:
…where C 0 is the initial chemical concentration in soil water within the effective mixing depth (mg L -1 ) and t p is the water ponding time (min). Although Ahuja [19] pointed out that effective mixing depth (h m ) increased with time, a time-averaged h m was used in this model for discussing the characteristics of solute transfer to runoff. meanwhile, during the process of simulation, we found that h m was a critical factor influencing the runoff chemical concentration curves, especially at the early stage of the overland flow. Hence, we adopted a refined model, in which the assumed time-averaged h m is replaced by a time-dependent h m . The time-increasing h m was in accordance with the increasing effective depth of interaction (EDI) applied in the model of donigian et al. [14] . This substitution predicts a positive relationship indicated in the study of Ahuja [19] between h m and time:
…where h 0 is the initial effective mixing depth (cm), h n is basic mixing depth parameter (cm), and t' is the duration of rainfall (min). Eqs. (3) and (4) can be combined to give:
Statistical Analysis model performance was evaluated by means of classical measurements of good of fit, the root mean square error (RmSE) as:
…where n is the total number of data points, p i is a given simulated data point and o i is the corresponding experimental data point. It needs to note that the optimal value for RMSE was 0.
Additionally, the linear regressions between the measured and simulated data were conducted using Excel (microsoft Corp., WA, USA) and Origin 8.5 (Origin Lab Corp., USA), of which r 2 , slopes and intercepts were presented to quantify the agreement between the measured and simulated data. IBM SPSS Statistics 20 (IBM Corp., USA) was applied to test the significance of regressions using ANOVA.
Results and discussion
N Transfer to Runoff in Response to Various RIs and SGs
For NH 4 -N concentration in overland flow, it is observed that only Figs 2a) and c) showed noticeable decreases over time subjected to SG of 5° and 15° with low RI (0.4±0.02 mm min -1 ). For these two scenarios, the larger SG caused faster decreasing rate of concentration. The moderate (1.0±0.04 mm min -1 ) and high (1.8±0.11 mm min -1 ) RI induced increasing concentration at the early stage of the rainfall. Overall, the error bars showed large variabilities of NH 4 -N concentration in runoff and the exponential decreasing trends for transport of NH 4 -N to runoff were not exactly presented in this study. Fig. 4 shows that the exponential decrease of TN concentration only occurred subjected to the low RI (0.4±0.02 mm min -1 ). As a response to medium (1.0±0.04 mm min -1 ) and high (1.8±0.11 mm min -1 ) RIs, the deviations were relatively large and presented high variabilities, which was concordant with NH 4 -N transfers. This result was consistent with the findings of Armstrong et al. [5] . They also found TN dynamics, and transfer in runoff was highly variable and exhibited as much deviation between repeats by laboratory rainfall simulations. Fig. 3 presents the NO 3 -N concentration in runoff subjected to 12 treatments. The error bar of each data point was relatively minor in comparison with NH 4 -N and TN concentrations. It is apparent that NO 3 -N concentrations declined linearly at the initial stage of the rainfall and then tended to stabilize, which was extremely similar to the results of previous works mentioned above. Moreover, high RI was much more likely to intensify the decrease rates of NO 3 -N concentration. It can be explained that heavy rainfall may fill the depressions in the microtopography in fast speed and form a surface seal to prevent soil chemical transport to runoff [3, 27] . Also, this seal promoted runoff production, hence the decrease rates for chemical concentration correlated with the time to runoff (t p ). We reckon that the higher RI formed a surface seal in a faster rate and led to fewer chemical transfers to runoff, hence the low concentrations for N subjected to high RI almost showed no significant exponential decreases. Furthermore, the rapid formation of surface seal caused less mixing magnitude between the runoff and nitrogen in soil water.
Large numbers of prior works have described significant exponential decreasing trends of chemicals' (potassium, Br, phosphorus, et al.) transport to runoff [2, 3, 19] . In our study, only NO 3 -N transfer displayed striking exponential decreases consistent with the effective mixing model proposed by Ahuja [19] . The facts that NH 4 -N and TN are absorbed by soil particles while NO 3 -N dissolves easily in soil water were responsible for less regular dynamics of NH 4 -N and TN than NO 3 -N concentration in runoff. We also speculated that the larger error bars for NH 4 -N and TN were derived from lability and digestion during determination, respectively. The mathematical model for the NH 4 -N and TN transport toward runoff requires further study.
Several studies have shown that time to runoff decreased significantly with increasing rainfall intensity [28, 29] . In our study, the time to runoff is listed in Table  2 at about 2 min, 1 min and 0.5 min under RI of 0.4 mm min -1 , 1.0 mm min -1 and 1.8 mm min -1 , respectively, which is consistent with the results of Bothma et al. [28] . Furthermore, the negative relationship between the slope gradient and t p indicated that steep slope intensified the decrease rate as shown in Fig. 3 . In addition, the differences in the N behavior could be attributed to processes in relation to surface connectivity and flow networks [5] .
model Performance
Effects of RI and SG on Effective Mixing Depth
The effective mixing model is widely applied to simulate chemical transfer to runoff with the assumption that rainfall and runoff mixed completely with soil solution within an effective depth of soil, h m . The original model was refined by replacing the timeaveraged h m as a time-increasing h m . Both models were used to predict N concentrations in runoff and evaluated performance with experimental data. Parameters in the model were measured directly. The saturated water content, θ s , was 0.495 cm 3 cm -3 measured by normal method. Soil density, ρ s , was 1.35 g cm -3 determined using the data when soils filled the tank. The runoff time for various treatments, t p , were measured by stopwatch and listed in Table 2 . Rainfall intensities, R, were 0.4, 1.0 and 1.8mm min -1 . The soil adsorption rates obtained by linear isothermal adsorption method [24] , were 2.34, 0.83 and 2.06 cm 3 g -1 for NH 4 -N, NO 3 -N and TN respectively. For the refined time-increasing h m , the basic mixing depth parameter, h n was determined using 1 cm as the simplicity of the effective mixing model and we achieved optimal fitted results at this value while the initial mixing depth parameter, h 0 , was obtained from curve fitting as well as time-averaged h m in the original model.
The effective mixing depth deduced from fitting results, h m and h 0 , was various in response to different RIs and SGs ( Table 2) . Fig. 5 displays positive correlations between h m and RI, which is especially significant for gentle slope. In comparison, striking negative correlations were presented between h m and SG -especially for high RI. Prior works have indicated that rainfall intensity and slope gradient both had a positive relationship with h m [3, 16, 22] . In our study, the increasing SGs attenuated positive relationships between RI and h m (Fig. 5a ). The large RI with high rainfall kinetic energy enhanced the interaction of rainfall, runoff and soil solute [19] . Although the effective mixing depth was enhanced by higher RI, the mixing magnitude was still weakened by the formation of surface seal in a faster speed as discussed in section 3.1. Ahuja [19] also pointed out that higher SGs intensified the effects of kinetic energy. Yang et al. [3] concluded an exponential increase between SGs and h m . However, the SGs correlated with h m negatively, especially under high RI (Fig. 5b ) in this study. Mohamed and Kohl [27] concluded that a thinner and less compacted seal formed at the soil surface with a low kinetic energy rainfall. Hence, the seal at the soil surface could be compacted by the intensified effects of kinetic energy with increasing SGs [19] . This seal may prevent the interaction of rainfall, runoff and soil solute to some degree. Thus it can be seen that a seal at soil surface could be an explanation for negative relationships between h m and SGs. Additionally, soil particles expressed resistance to the rainfall detachment [30] . The tested soil in the study of Yang et al. [3] was collected from the Loess Plateau, which was more loose with more slight soil particles than our tested loam [31] . Consequently, less resistance to rainfall detachment of their soils may lead to increasing mixing depth with increasing SGs. In contrast, the loam in our study possessed good resistance to rainfall detachment and the increasing SGs may enhance this resistance, causing a decrease in mixing depth. For h m in refined model, the h 0 mostly showed the same regularity as the h m in the effective mixing model as a response to various RIs and SGs ( Table 2 ). The h m increments with time are presented in Fig. 6 , and the increasing trends for all treatments showed uniformities with faster growing rates at the early stages than later stages. We consider that effective mixing depth existed when runoff happened. Hence, exactly as in Eq. (4) displays, the time-increasing h m is determined by the h 0 and h n , and the h n was deduced and simplified by using 1 cm as a constant. Therefore, the variation of h m under different treatments was mainly determined directly by the h 0 . Yang et al. [20, 32] also applied exponential time-increasing h m in studies of chemical transfer to runoff, and the h m increased from 0 cm based on the exponential dependences. Given that the effective mixing depth is a critical factor for chemical transfer from soil to overland flow and the initial concentration of chemical in runoff was maximum, we reckoned that a certain initial mixing depth was required for the chemical transfer to run off.
Model Evaluation
In order to evaluate the applicability of the mathematical models and compare the simulated results between the effective mixing model and our refined model, the N concentrations in runoff observed experimentally and calculated with these two mathematical models are presented in Figs 7 and 8 . Also, the parameters of linear regressions and RmSE for NH 4 -N, NO 3 -N and TN are listed respectively in Tables 3, 4 and 5. As shown in Figs. 7 and 8 , the C 0 values ( Table 2) were obtained with the corresponding initial maximum values for the normal decreasing N concentrations. Fig. 7 shows that the simulated curves could not fit well with experimental data of N concentration both at the decreasing stage and the stable stage. However, the simulated curves of refined model in Fig. 8 show better goodness of fit -especially for low RI (Fig. 8a, d and g) . Specifically, both the predictions of decreasing and stable trends were improved by refined model -especially for the NO 3 -N. Fig. 9 shows the linear regressions between measured experimentally data versus simulated data of effective mixing depth model. It can be observed that the r 2 for NH 4 -N, NO 3 -N, and TN were 0.2538 (p<0.001), 0.6960 (p<0.001), and 0.2240 (p<0.001) respectively. The p-Values showed significance for linear regressions of N concentrations using all data. However, p-Values of each scenario were larger with less significance, especially for NH 4 -N and TN, due to fewer data points in one scenario. The r 2 for NH 4 -N and TN were relatively low, but the slopes were 0.7916 and 0.6658 close to 1, respectively, and r 2 was only one fraction of what it was for the regression. As indicated in Tables 3, 4 
and
5, the parameters of linear regressions in response to
low RI were significantly superior to that of moderate and high RIs. In comparison, the r 2 and slope of refined model were, respectively, 0.266 and 0.6319 for NH 4 -N; 0.8276 and 0.9996 for NO 3 -N; and 0.241 and 0.5993 for TN (Fig. 10) , and RMSE between the refined model and the original model were 0.0394 mg L -1 and 0.0501 mg L -1 for NH 4 -N, 0.8367 mg L -1 and 1.3922 mg L -1 for NO 3 -N, and 3.4455 mg L -1 and 3.6525 mg L -1 for TN, respectively. The fitting results of NO 3 -N transport were significantly improved, although no improvements for NH 4 -N and TN transfer to runoff. It can be deduced that the data obtained experimentally for NH 4 -N and TN with large deviation and no significant decreases caused the badness of fits. Noteworthy r 2 for TN in response to low RI via refined model were greater than the original model [0.6369 (p<0.001) versus 0.2572 (p = 0.045) for SG = 5°; 0.7713 (p<0.001) versus 0.4443 (p = 0.009) for SG = 10°; 0.8870 (p<0.001) versus 0.4150 (p = 0.007) for SG = 15°; and 0.6924 (p<0.001) versus 0.2295 (p = 0.060) for SG = 20°], and the corresponding RMSE were smaller (1.2669 mg L -1 versus 2.0437 mg L -1 , 1.4871 mg L -1 versus 3.8594 mg L -1 , 4.6595 mg L -1 versus 6.4577 mg L -1 , and 1.3910 mg L -1 versus 4.2423 mg L -1 , respectively for SG = 5°, 10°, 15° and 20°). It is therefore reckoned that the mathematical models were in agreement with prominent declines in experimentally observed data, especially under light rainfall. Furthermore, the refined model can be applied to chemical transport toward runoff with a higher accuracy because of significant improvements for NO 3 -N from the refined mathematical model ( Table 4) .
The simulated curves all present badness of fit subjected to high RI, which may derive from the small C 0 values and personal irregular transfer with large variance. Yang et al. [3] compared the feasibility and applicability of effective mixing model calculated by Eq. (1) using potassium. The C 0 in their study were calculated from the measured initial concentration [1] based on solute mass conservation equation in no accordance with experimental values. However, the experimental potassium transport to runoff presented significant exponential decrease and the model was in good agreement with measured data in the study of Several studies have reported high accuracy of model simulations for chemical transfer to runoff [1, 19, 33] . Tao et al. [26] revealed good fitness for a mathematical model of nutrient loss rate (r 2 were 0.91, 0.84 and 0.88 for NH 4 -N, NO 3 -N and phosphorus, respectively) under various rainfall patterns. Yang et al. [3] reported r 2 and RmSE between experimental and the calculated potassium concentrations for the complete-mixing model, incomplete-mixing model and equivalent model were 0.951, 0.938, 0.972 and 0.62, 0.64, 0.42 mg L -1 , respectively. The model performance of their studies agreed well with the corresponding experimental results. In comparison, our simulation results with less accuracy for experimental data might were responsible for the badness of fit. Most worthy of mention is the fact that Yang et al. [32] reported r 2 for potassium, phosphorus and nitrate were 0.68, 0.82 and 0.57 by complete-mixing model, respectively, and 0.91, 0.82 and 0.77 by incomplete-mixing model both based on the effective mixing model [16] . The prediction results for potassium and phosphorus were both better than that for NO 3 -N in their studies [32] . Furthermore, the effective mixing model may indeed display less agreement when considering nitrogen transfers with erratic dynamics of concentration.
For h m , Yang et al. [20] also showed that time-varied h m derived from the Kostiakov infiltration equation indicated a better fitness between experimental data and mathematical model based on solute mass conservation proposed by Ahuja et al. [16] as a response to water scouring than time-averaged h m in their previous study [3] . Similarly, the refined model in our study used a time-dependent h m and revealed better simulation results. In detail, the h m varied with time, presenting a higher increasing rate at the early stage of rainfall in this study, but a smaller and increasing growth rate with time was indicated in the study of Yang et al. [20] . Later, in further studies of Yang et al. [32] , they proposed that h m was an exponential function as time considering mixing coefficient and inter-rill sediment delivery rate from soil under rainfall as a refinement in the effective mixing model [16] . They listed smaller r 2 for NO 3 -N than that in our study (0.57 versus 0.70). Although h m was proposed as different functions of time causing different increasing trends, better good fitness for the time-increasing h m was revealed because of the increasing trends almost presenting linear increases during the short observation time. Furthermore, the incomplete-mixing model revealed a better prediction than complete-mixing model by the studies of Yang et al. [3, 32] , but the incomplete-mixing model considers too much extra parameters inversely estimated by the model and the complete-mixing model is more popular because of the simplicity [32] . Analogously, the timeincreasing h m proposed in this study neglected extra coefficient and the logarithmic function as time was more closed to transformation as indicated by Ahuja [19] .
Conclusion
Concentrations of NH 4 -N and TN in overland flow presented large deviations in response to various RIs and SGs. In contrast, NO 3 -N concentration for 12 treatments all highly declined from the initiation of runoff and then stabilized with slight deviations. The effective mixing model was adopted and refined to simulate NH 4 -N, NO 3 -N and TN transfer from purple soil to overland flow. The mixing depth, h m , was a critical factor for chemical transport from soil. The time-averaged h m correlated positively with RIs but negatively with SGs. The time-increasing h m in the refined model increased on the basis of a certain initial depth. The linear regressions between simulated results and experimental data indicated that (1) the predictions for NO 3 -N transfer from soil to overland flow were significantly better than NH 4 -N and TN; (2) the model simulation results were much more likely to reveal goodness of fit subjected to the low RIs; and (3) the refined model with a time-increasing h m showed refinements from the effective mixing model. Consequently, we attribute the differences in model simulation with nitrogen type and rainfall related to observed transfer dynamics, sorption and volatilization, and mixing magnitude.
Given our findings, we suggest that a time-increasing effective mixing depth is reassessed in the improvement of nitrogen transfer modelling. We also believe that the dynamics of NH 4 -N and TN transfer in runoff need to be examined further by experimental and modelling approaches.
